The electronic emission spectrum of WN has been observed in the 500-580-nm spectral region with a Fouriertransform spectrometer. The bands were excited in a tungsten hollow-cathode lamp in the presence of a trace of molecular nitrogen. The observed bands have been assigned to the A 4 1I-X 4y-transition. The ground state is a regular 4-state belonging to Hund's coupling case (a'). The principal ground-state constants obtained from the fit of the observed lines are Bo = 0.4663779(62), Do = 3.5847(77) x 10-7, yo = 0.051862(21) cm-1.
INTRODUCTION
Solid transition-metal nitrides are well-known hard refractory materials' that are formed at high temperatures by the reaction of metals with N 2 or NH 3 . In addition to the simple binary nitrides W 2 N, WN, and WN 2 , tungsten nitrides can also form on tungsten surfaces. 2 The W N triple bond is known in some inorganic complexes. 3 Although the optical spectra of many gaseous transition-metal oxides and hydrides are relatively well characterized, only a few nitrides are known. Diatomic transition-metal nitrides for which gas-phase data are available include ScN, 4 TiN, 5 ' 6 VN, 7 ' 8 ZrN, 9 NbN,10"'1 and MoN.12" 3 Matrix-isolation studies of some transition-metal nitrides are also available, for example, for TaN,1 4 ZrN,1 5 MoN,16" 7 and NbN.1 8 Gingerich' 9 has studied several metal nitrides by mass spectrometry and has predicted a strong bond of 135 kcal/mol for WN on the basis of empirical correlations. However, until the investigation described here, no gas-phase observation of WN has been published to our knowledge. Moreover, there are no ab initio calculations available, apart from some corrected effective medium semiempirical calculations aimed at describing tungsten nitride formation on surfaces.
2 0
Recently we have initiated a project aimed at increasing the data available for transition-metal oxides, nitrides, and hydrides. We have successfully applied Fouriertransform emission spectroscopy to the detection of near infrared electronic transitions of PtO, 2 1 NiO, 2 2 and CoO (Ref. 23 ) and have reported the first observation of ScN in the gas phase. 4 The A 6 1+ -X 61+ transition of CrH was reanalyzed, 2 4 correcting some previous conclusions. In the present paper we report the discovery of another gas-phase transition-metal nitride, WN.
Diatomic transition-metal nitrides are expected to produce complex spectra owing to the high spin coupling of the d electrons, resulting in electronic states with high multiplicity. 25 26 this study of MoN provided the first clear example in which the 41 state has a large 4Y;3/2 -4 J2 spin splitting, thus requiring that the state be classified as Hund's case (a'). 2 7 Although there is no ab initio theoretical work available for WN, the A4II and X 4-states of the isovalent MoN have been examined by Allison and Goddard. 2 8 They predict a _'-ground state with a covalent triple MoN bond. They also predict the first excited state to be of 411 symmetry with the 4 I-41-interval of 2.128 eV, which is in good agreement with the experimental results. 13 WN is expected to have electronic states of the same multiplicity and symmetry as MoN, and the spectra, in general, will lie in the same spectral region. Therefore, by analogy, the bands of WN are expected to involve a 4 fl_41-transition. The spectra of the different subbands observed for WN are in fact quite similar to those of MoN. Detailed rotational analysis of these bands confirms that indeed a 4 l -4-transition is involved, but the excited 4FI state of WN shows Hund's case (c) tendencies. For WN each excited-state spin component has to be treated separately, and we retain the Hund's case (a) notation for convenience.
EXPERIMENTS
The WN molecule was made in a tungsten hollow-cathode lamp. The spectra assigned to WN were produced in two different experiments.
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In the first experiment the plan was to produce a spectrum of the WO molecule. We observed several new bands with moderate intensity when the lamp was operated at 270 V and 250 mA of current with a slow flow of neon at 2.45 Torr of pressure. No 02 was added, since initially we hoped to clean the cathode before adding oxygen to produce WO. The high-resolution spectrum of these bands showed the presence of characteristic 18 2 W-1 8 4 W-' 8 6 W isotope splittings, indicating that these bands certainly involved the tungsten atom.
In the beginning it was assumed that the new bands were due to the WO molecule. However, it was surprising to note that these bands quickly disappeared when -200 mTorr of 02 was added to the flow of neon. This observation ruled out the possibility of WO as the emitter of these bands, leaving WH and WN as likely candidates. A closer look at the line spacing in the branches ruled out WH. In addition, the bands disappeared when -70 mTorr of H 2 was added to the discharge. This left the WN as the most likely molecular emitter.
The second experiment was designed to confirm our identification of WN as the carrier of the new bands. In this case 15 mTorr of N 2 was added to the flow of neon, with the other experimental parameters kept the same. This time the newly observed bands appeared with twice the intensity compared with those of the first experiment. This chemical evidence confirmed that WN was the carrier. Most probably there was a trace of N 2 in the system during the first experiment, or, more likely, solid WN impurity was sputtered from the surface.
Once the conditions were established and the emitter was identified, the spectra were recorded with the 1-m Fourier-transform spectrometer associated with the McMath Solar Telescope of the National Solar Observatory. The spectra in the 10 000-30 000-cm-1 wave-number region were recorded in two parts. For the 10000-18000-cm-1 spectral region the spectrometer was operated with a OG570 filter and silicon diode detectors, and a total of nine scans were coadded over 1 h of integration. For the 17 000-30 000-cm-1 region the spectrometer was operated with a CuS0 4 filter and silicon diode detectors, and five scans were coadded in 30 min of integration. For both regions the spectrometer resolution was set at 0.02 cm- 1 . The observed WN bands appear with a maximum signal-to-noise ratio of 40:1.
In addition to WN bands there are several bands belonging to N 2 and N 2 + as well as tungsten and neon atomic lines. The spectra were calibrated by use of the measurements of the neon atomic lines made by Palmer and Engleman. 2 9 The absolute accuracy of the wavenumber scale is expected to be better than ±0.001 cm-1 . However, overlapping lines and unresolved isotopic splittings limited the precision of the observed WN line positions to ±0.002 cm-.
GENERAL FEATURES OF THE WN SPECTRUM
The interferograms were transformed by G. Ladd of the National Solar Observatory to give the spectra of WN. The spectral line positions were extracted from the observed spectra with a data-reduction program called Pc-DECOMP developed by J. Brault. The peak positions were determined by the fitting of a Voigt line-shape function to each spectral feature with a nonlinear least-squares procedure. The branches in the different subbands were sorted with a color Loomis-Wood program running on a PC computer.
The main bands of WN are present in the 17000-20 000-cm'1 spectral region. The observed spectrum consists of four groups of prominent bands, with the strongest features lying at 17471.9, 18375.8, 18747.5, and 19830.3 cm-1. These are the 0-0 heads of the four subbands expected for a Hund's case (a) 4 -41-transition.
After a closer inspection of the rotational structure, the subbands could be classified into two groups. Each of the subbands has six branches, but the 17472-and the 19 830-cm-1 bands have unusual 0-and S-form (-4B and +4B) branches in addition to the usual P (-2B), Q (tOB), and R (+2B) form branches, whereas the 18376-and the 18 748-cm-1 bands consist of doubled P, Q, and R branches. The rotational analysis of these bands indicates that the 17472-and the 19 830-cm-1 bands involve the 4 X12 spin component, while the 18376-and 18748-cm-' bands have the 413/2 spin component as their lower state.
The band at 17472 cm-' is relatively weak in intensity compared with the other subbands. This is most probably because this band lies close to the wave-number cutoffs of both filters. This band is followed by even weaker band heads at 17 396 and 17 307 cm-' that show larger 82W-' 8 4 W-' 8 6 W isotope splittings. These bands are, therefore, the 1-1 and 2-2 vibrational bands. Only the 0-0 bands were rotationally analyzed. As is described in detail below, this subband has been assigned as the 4 
RESULTS AND DISCUSSION
The energy levels of l11 and 4 states have been treated in great detail by several workers.
3 '
30 - 33 We attempted to fit the observed wave numbers of the WN bands with the usual N 2 Hamiltonian defined by Brown et al. 3 4 An explicit listing of the 4 and 4 matrix elements using Hund's case (a) basis functions is provided by Cheung et al. 2 5 This fit was unsuccessful. with Tn (fl = -1/2,1/2,3/2,5/2). In WN we find that these interactions with nearby states are more severe. As can be seen in Fig. 1 , the different spin components are irregularly shifted relative to each other, and there is no obvious order. Therefore we treated each spin component of the excited state separately. Since the ground state belongs to case (a'), in the beginning we treated both spin components 4E1 2 and 4Y3/2 separately and later combined them to obtain a single set of 4Y- constants. Since the subbands having 4 1v2 and 43/2 lower states have quite different rotational patterns, we discuss the analysis of the two groups of bands separately. 
11-1/2
4 n 3 / 2 Dunn and co-workers 3 found that the various spin components of the 4 state MoN are affected by interactions
Bands with a 4X1/ 2 Lower State
As was discussed in detail by Kopp Part of the spectrum of the 1/2-1/2 subband is displayed in Fig. 2 with the head-forming branches marked.
The Ree branch is an S-type branch and forms a head at 19877.3 cm-'. The Qfe branch is the +2B branch and forms a head at 19830.3 cm-'. The two ±OB (Q-form) branches run toward the lower-wave-number side with increasing J. The remaining two branches (-2B and -4B) are not shown in this figure.
Tungsten has five naturally occurring isotopes 18 (28.6%). At higher J the splitting resulting from these isotopic species is resolved. To illustrate this, part of the spectrum of WN at high J is given in Fig. 3 . The characteristic triplet pattern is due to the more abundant subbands were fitted separately, and the lower-state constants obtained from these fits were in excellent agreement with each other. Next both of these subbands were fitted together for the determination of a single set of effective rotational constants for the X 4 1 12 state. In this fit both the excited states were fitted independently as Hund's case (c) states by use of the expressions
For the lower 4 X 1 X 2 state the corresponding Hund's case (a') expression is13,27 In Eq. (3) the negative sign in front of p is retained for consistency with the paper by Kopp and Hougen. 2 7 The constants obtained for the excited states are provided in Table 1 , and the lower-state constants obtained for the 4112 state are provided in Table 2 .
Relation (1) Fig. 5 . The spectrum consists of P, Q, and R branches, each doubled owing to large fl doubling in the excited 4 I-_12 state. A part of the spectrum of the 4II5,2-4_3,2 subband is provided in Fig. 6 .
In the beginning these two bands were fitted separately and were later combined for the determination of a single set of constants for the lower 413/2 state. Also in this case the excited 4IH-y2 and 4 I 5/2 substates were treated as separate states. The rotational constants obtained for the 4 1L 112 and '115/2 substates are provided in Table 1 , and the constants for the 413/2 spin component are provided in Table 2 . For the 413/2 state, Eq. (2) was used to represent the rotational energy levels.
Constants for the X4X
In the initial fits the 4V12 and 4;3/2 spin components were treated separately. In the final fit we tried to determine a single set of constants for the X 4X-state by combining the data for all the subbands. The excited states of all the subbands were still treated as four separate states.
The interval between the 4 Y;3/2 and the 4112 spin components is given by 4A. The A parameter is called the spin-spin constant, but the major contribution is from second-order spin-orbit coupling. Since tungsten is a heavy element with an open Sd shell, the spin-orbit coupling constant will be large, and A >> B. Not surprisingly then, A was not well determined in the combined fit, since we have no direct connection between the two spin components. The value of A was allowed to vary in a preliminary fit to give a value of A = 219.65 ± 0.45 cm . The estimated uncertainty in A has no meaning, because the error is dominated by systematic errors from interactions with other nearby electronic states. In fact this value of A could easily be in error by 10-100 cm'.
For the final fit the value of A was fixed at 219.65 cm'1. The excited-state constants obtained from this fit are provided in Table 3 , and the ground state X 45;-constants obtained in the final fit are provided in Table 4 .
The extremely large value of A obtained from this fit indicates that the ground state has a very large zerofield splitting of -879 cm-'. The standard deviation of the combined final fit was the same as the two separate fits, indicating that the 4X-state is a relatively isolated Hund's case (a') state.
There is a perturbation in the f parity of the A (Table 3) .
As was predicted by Budb and Kovacs, 3 0 the fl-doubling constant p should be large and negative for the 4i-1V2 substate and of approximately the same magnitude but positive for the 411V2 substate. Although the signs are correct (Table 3) , the magnitude of p differs by a factor The rotational constants obtained from the combined fit have been used to evaluate r bond lengths for WN in its ground and excited states. The values obtained are provided in Table 5 . Interestingly, the r value for the ground state (1.66667 A) agrees almost exactly with the WN bond length of 1.68 A determined by x-ray crystallography of an inorganic complex. 3 However, the values obtained by Raeker and DePristo 2 0 in their semiempirical calculations are considerably different from the experimental value.
CONCLUSION
We have observed the A 4 l-X 41 transition of the previously unknown WN molecule. The excited-state spin components are shifted relative to one another because of strong interactions with unknown nearby electronic states, and the excited A 4 fI state has Hund's case (c) tendencies. The ground X 41F state has a very large zerofield splitting of -879 cm-' between the 4X3,2 and the 4X1/2 spin components. However, since the two groundstate spin components could be fitted together with a 41 -Hamiltonian, the X 41-state obeys Hund's case (a') coupling. The W-N triple bond length of 1.66667(l) A determined for the ground state is in excellent agreement with a bond length of an inorganic complex determined by x-ray crystallography.
